The biodegradable polyester copolymer poly(propylene fumarate) (PPF) is increasingly utilized in bone tissue engineering studies due to its suitability as inert cross-linkable scaffold material. The well-defined poly(propylene fumarate) oligomers needed for this purpose are synthesized by post-polymerization isomerization of poly(propylene maleate), which is prepared by ring opening polymerization of maleic anhydride and propylene oxide. In this study, multidimensional mass spectrometry methodologies, interfacing matrix-assisted laser desorption ionization and electrospray ionization with mass analysis, tandem mass spectrometry fragmentation and/or ion mobility mass spectrometry, have been employed to characterize the composition, end groups, chain connectivity and isomeric purity of the isomeric copolyesters poly(propylene maleate)and poly(propylene fumarate). It is demonstrated that the polymerization catalyst is incorporated into the polymer chain (as the initiating chain end) and that the poly(propylene maleate) to poly(propylene fumarate) isomerization using an amine base proceeds with quantitative yield. Hydrolytic degradation is shown not to alter the double bond geometry of the poly(propylene fumarate) or poly(propylene maleate) chains.
Introduction
Biodegradable polymers undergo chemical decomposition in biological environments through enzymatic or non-enzymatic hydrolysis, without any prior thermal oxidation, photolysis or radiolysis. [1] [2] [3] Such materials are utilized in a wide range of medical and ecological applications, 2 including drug delivery, nanomedicine and tissue engineering. 4, 5 Their bone tissue engineering applications have been widely investigated in the last decades. [6] [7] [8] Any material used for the latter purpose should be non-toxic, implantable and photo-cross-linkable once fabricated into the desired shape. [9] [10] [11] These requirements are fulfilled by selected synthetic polyesters, such as poly(lactide)s, poly(e-caprolactone) and poly(propylene fumarate) (PPF). [11] [12] [13] Temporary bone implants (scaffolds) made from these biodegradable polymers do not necessitate a second surgery for removal, in contrast to rigid, non-biodegradable implants which require a removal surgery that might cause unexpected complications. 6, 8 Polyesters based on fumaric acid are particularly suitable for bone tissue engineering because they are biodegradable, 3D printable into a variety of shapes and can be crosslinked at the double bonds on their backbone using photo-cross-linking 3D printing methodologies. 11, 14, 15 The most extensively explored material in this field is the alternating copolyester poly(propylene fumarate) (PPF), which has superior degradation properties as compared to alternative candidates, like polylactides which undergo rapid bulk degradation causing localized inflammation, or poly(e-caprolactone) which needs years to degrade. 4, 16 Degradation of PPF through hydrolysis of the ester bonds proceeds within months and yields non-toxic products, viz. fumaric acid, which is a naturally occurring substance (in the Krebs cycle), and 1,2-propanediol, a diluent commonly used in drug formulations. 17 This material has met all important prerequisites for bone tissue engineering and orthopedic applications.
PPF is an unsaturated linear polyester copolymer; it is commonly synthesized by ring-opening polymerization of maleic anhydride and propylene oxide, to form poly(propylene maleate) (PPM), which is subsequently isomerized to PPF using a base catalyst. 15, 18, 19 The analytical methods generally employed to characterize polyesters include nuclear magnetic resonance (NMR) 20 and infrared (IR) spectrospcopy, 21 as well as mass spectrometry (MS). [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] Whereas the first two methods provide definitive information about the functional groups and stereochemistry of the polymer chain, MS techniques are most powerful for determining the molecular weight of intermediate and final products, ascertaining their sequences and detecting the presence or absence of impurities or byproducts that might interfere with the synthesis and/or performance of the final material.
This study combines matrix-assisted laser desorption ionization (MALDI) and electrospray ionization (ESI) with time-of-flight (ToF) mass analysis and tandem mass spectrometry (MS 2 ) fragmentation to elucidate the composition, end groups and chain sequence of PPM and PPF copolymers prepared according to the reaction sequence outlined in Scheme 1. 15 In addition, ion mobility mass spectrometry (IM-MS) [34] [35] [36] [37] [38] [39] [40] [41] is used to differentiate the isomeric PPM and PPF copolyesters and probe the extent and efficiency of PPM to PPF (i.e. all-cis to all-trans) isomerization.
Experimental

Materials
All chemicals used for the synthesis or characterization were used as received. Maleic anhydride (MA) (99%) and sodium trifluoroacetate (NaTFA) were purchased from Fluka (St. Louis, MO). Propylene oxide (PO) (99.5%), magnesium ethoxide (Mg(OEt) 2 ) (98%), diethylamine (99%, extra pure), toluene (anhydrous, 99.8%), tetrahydrofuran (THF) (ACS grade), chloroform (ACS grade) and methanol (MeOH) (LC-MS grade) were purchased from Sigma-Aldrich (St. Louis, MO). The MALDI matrix trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene] malononitrile (DCTB) (99þ%) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
The synthesis of PPM via ring-opening polymerization of maleic anhydride and propylene oxide, using magnesium ethoxide as initiator, and the post-polymerization isomerization of PPM to PPF with diethylamine as catalyst have been described in detail elsewhere. 15 Size exclusion chromatography (SEC) analysis showed an average molecular weight (M n ) of approximately 2000 Da and a polydispersity (M w /M n ) of <1.6 for both polymers. 15 
MALDI experiments
MALDI-MS and MS 2 experiments were carried out on a Bruker UltraFlex III tandem time-of-flight (ToF/ ToF) mass spectrometer (Bruker Daltonics, Billerica, MA) equipped with a Nd:YAG laser emitting at a wavelength of 355 nm. Solutions of the polymers (10 mg mL À1 ), DCTB matrix (20 mg mL À1 ) and NaTFA cationizing salt (10 mg mL À1 ) were prepared in CHCl 3 . The matrix and salt solutions were mixed in the ratio 10:1 (v/v). Approximately 0.5-1 mL of matrix/salt solution was deposited in a well of the MALDI sample plate and allowed to dry; 0.5-1 mL of sample solution was added on top of the dry matrix/salt spot, followed by another 0.5-1 mL of matrix/salt solution on the dried sample spot (three-layer sandwich method). MS 2 experiments were performed using Bruker's LIFT mode with no additional collision gas. 42 Bruker's FlexAnalysis software was used for data analysis.
ESI-MS and ESI-IM-MS experiments
Stock solutions of the polymers were prepared in CHCl 3 at 10 mg mL À1 . The samples sprayed were diluted to 0.01 mg mL À1 by adding 1 mL of polymer Scheme 1. Synthesis of poly(propylene maleate) (PPM) via ring-opening polymerization of maleic anhydride and propylene oxide and base-catalyzed post-polymerization isomerization of PPM to poly(propylene fumarate) (PPF). 15 solution to 300 mL CHCl 3 and 700 mL MeOH. The final polymer solution was injected into a Waters Synapt G1 HDMS quadrupole/time-of-flight (Q/ToF) mass spectrometer (Waters, Milford, MA) equipped with the traveling-wave version of IM-MS. 43, 44 The traveling-wave region is located between the Q and ToF mass analyzers and comprises three confined cells in the order trap cell (closest to Q), IM cell and transfer cell (closest to ToF). Instrument parameters were adjusted as follows: ESI capillary voltage, 3.5 kV; sample cone voltage, 30 V; extraction cone voltage, 3.2 V; desolvation gas flow, 550 L h À1 (N 2 ); trap collision energy (CE), 6.0 eV; transfer CE, 4.0 eV; trap and transfer gas flow, 1.5 mL min À1 (Ar); sample flow rate, 10 mL min À1 ; source temperature, 80 C; and desolvation temperature, 150 C.
IM-MS experiments were performed by setting the traveling wave velocity to 250 m s À1 , the traveling-wave height to 7.5 V and the IM gas flow to 22.7 mL min À1 (N 2 ). IM-MS 2 experiments were acquired in the transfer cell, after IM separation, using a collision energy of 60 eV.
Collision cross-section (CCS) data for sodiated PPF and PPM oligomers were derived from the corresponding drift times, measured by IM-MS, after calibration of the drift time scale with ions of known CCS, as reported previously. 45, 46 Singly and doubly protonated polyalanine ions served as calibrants, which were analyzed at the same traveling-wave velocity, travelingwave height and IM gas flow conditions as the sodiated PPF and PPM ions.
Molecular modeling
Molecular dynamics simulations were performed on select sodiated PPM and PPF oligomers using the Materials Studio software, version 7.0 (BIOVIA, San Diego, CA). Energy and geometry optimization were performed for 50 candidate structures from each polyester isomer. Theoretical collision cross-sections were calculated for the optimized structures by the projection approximation method 47 available in the MOBCAL program. 48 
Results and discussion MALDI-MS analysis of PPM and PPF
The MALDI mass spectra of poly(propylene maleate) (PPM) and its isomerization product, poly (propylene fumarate) (PPF), show one major and two minor distributions differing in their end groups (EGs) and having the composition [R n þ EGs þ Na] þ in which R is the propylene maleate/fumarate copolyester repeat unit (C 7 H 8 O 4 , 156 Da). The m/z values of the major product (A in Figure 1 ) indicate a total end group mass of 46 Da (C 2 H 6 O), corresponding to an ethoxy moiety and a hydrogen atom. The C 2 H 5 O-chain end must arise from the Mg(OC 2 H 5 ) 2 catalyst (cf. Scheme 1) which evidently initiates the polymerization; conversely, the -H end group is introduced upon termination with aqueous hydrochloric acid. 15 The minor products (B and C in 
, consistent with incorporation of one or two additional propylene oxide comonomers, respectively (see structures in Figure 1 ); these byproducts point out that some oligomerization of propylene oxide may occur during copolymerization. It is noteworthy that the A, B and C product distributions in the MALDI mass spectra of PPM (Figure 1(a) ) and PPF (Figure 1(b) ) are very similar, verifying that no change in the ester linkages of the polymer chain (no transesterification events) takes place upon PPM to PPF isomerization.
MS 2 characterization of PPM and PPF
Tandem mass spectrometry was utilized to ascertain the connectivity and end groups of the PPM and PPF polymer chains. Figure 2(a) shows the MALDI-MS 2 spectrum of the sodiated 9-mer from the major PPF product capped with CH 3 CH 2 O-and -H end groups. Na þ cationized polyesters that have been energetically excited mainly dissociate via charge-remote 1,5-hydrogen rearrangement over the ester group which cleaves the ester bond, creating a fragment with acarboxylic acid chain end and one with a vinyl (alkene) chain end, as shown in the scheme on top of Figure 2 . 24, 29, 49 Random dissociation at the different ester groups in the polyester chain gives rise to several fragment series with the expected repeating unit of 156 Da, which were labeled in the spectrum by the acronyms l n AE (#), l n HV (@), l n EV ($) and l n AH (!). In these notations, l n indicates the linear structure of the fragments (having n repeat units) and the superscripts give the corresponding end groups: A, E, V and H denote a carboxylic acid, ethoxy, vinyl (alkene) and hydroxy end group, respectively (cf. Figure 2 ). Because PPF is unsymmetrically substituted, different product combinations arise from dissociation at a fumarate group on the side terminated by CH 3 CH 2 O-($ and !) vs. the fumarate group on the side terminated by -H (# and @). Note that two of the mentioned fragment series, viz. l n AE (#) and l n EV ($), contain the CH 3 CH 2 O-chain end, whereas the other two, viz. l n HV (@) and l n AH (!), contain the -H chain end. All of these fragments may dissociate consecutively, through the same mechanism, to form smaller fragments with the same structures and internal fragments (i.e. fragments missing both end groups); the latter were labeled by l n AV (o) in Figure 2 . The fragment series observed conclusively confirm the alternating comonomer connectivity of the propylene oxide and fumarate comonomers as well as the CH 3 CH 2 O-and -H chain ends.
The PPM chain gives the same fragmentation pattern as the PPF chain with slight variations in the relative fragment abundances; further, the fragmentation extent (total fragment ion intensity vs. precursor ion intensity) is higher for PPM than PPF. These differences are more pronounced in the corresponding ESI-MS 2 spectra, in which the energy supplied for fragmentation can be more effectively controlled with the equipment used in this study (see Experimental). Figure 3 compares the ESI-MS 2 spectra of sodiated PPF and PPM 6-mers capped with CH 3 CH 2 O-and -H end groups, acquired at the same collision energy The scheme on the top shows the fragment ions arising from 1,5-hydrogen rearrangement over ester groups facing the CH 3 CH 2 O-($, !) or -H (#, @) chain end. Consecutive dissociation of these fragments ()) leads to internal fragments (o). The Na þ ion has been omitted for brevity. An asterisk above the fragment notation (*) indicates fragments ionized by H þ (Na þ is eliminated with the neutral fragment).
(60 eV). The same fragment series are present in both spectra and the fragmentation patterns are comparable to those observed upon MALDI-MS 2 . It is obvious, however, that PPF fragments less efficiently, presumably because the trans double bond configuration increases the critical energy needed for the 1,5-hydrogen rearrangements. This finding also suggests a higher intrinsic stability and slower biodegradability for PPF than PPM.
IM-MS differentiation of PPF and PPM
IM-MS can resolve constitutional, geometric and conformational isomers without the need for concentrated solutions and/or highly purified samples. [34] [35] [36] [37] [38] [39] [40] [41] [50] [51] [52] [53] [54] Here, this technique was used to distinguish the isomeric polyesters. IM-MS analysis separates PPM and PPF ions according to their drift time through the IM region (IM dimension), which depends on the ions' charge and collision cross-section (CCS or ), and by their m/z, which is determined by the ions' composition and charge (MS dimension). Figure 4(a) shows the result of such 2D analysis for PPF ionized by ESI. The ions are separated based on their charge state (þ1 to þ3) into unique 2D locations with specific drift times and m/z ratios. Most intense are the singly charged species; the mass spectrum extracted from their mobility region (þ1 region in Figure 4(a) ) is depicted in Figure 4(b) ), originating from residual diethylamine which was used for the PPM to PPF isomerization (see Experimental).
The [M þ Na] þ ions of short PPM and PPF chains with the original CH 3 CH 2 O-and -H end groups (four to five repeat units) show significant differences in their drift times through the IM region; however, as chain length increases, the drift times of PPM and PPF isomers become more similar and ultimately (!10 repeat units) indistinguishable. This trend is documented in Figure 5 by the drift time distributions of the 4-mers, 7-mers and 10-mers. With shorter chains (<9 repeat units), the all-cis PPM oligomers drift faster, reflecting a higher degree of compactness. On the other hand, longer chains attain architectures of comparable compactness, irrespective of the double bond geometry in the diacid unit. Hence, IM-MS can differentiate PPF For a more quantitative assessment of the influence of cis vs. trans double bond geometry on the resulting macromolecular architecture, the collision cross-sections (CCS or ) of a series of sodiated PPM and PPF n-mers were derived from the corresponding drift times and are listed in Table 1 . In addition, theoretical values of the collision cross-sections expected for these oligomers were obtained by molecular dynamics simulations; these are included in Table 1 .
Measured and calculated collision cross-sections agree very well for PPF (within 2%) and also are similar for PPM (within 4% for 4-mer to 7-mer and 7% for 8-mer). The excellent match of theoretical and experimental values for PPF further validates that the post-polymerization isomerization of PPM to PPF proceeds with quantitative yield, as was also indicated by the NMR analysis of these products. 15 Mirroring the trend of drift times mentioned above, values of the same PPM and PPF n-mers become more similar as n increases. Consequently, the best possible differentiation is achieved by focusing on the smallest oligomers detected. Note that PPM and PPF differentiation based on the IM-MS characteristics of short chains does not require samples of high purity or samples devoid of unsaturated byproducts, which would be needed for NMR differentiation. Figure 2 for plausible structures). Charge is provided by addition of H þ , Na þ or (C 2 H 5 ) 2 NH 2 þ (from residual PPM to PPF isomerization reagent). PPM leads to very similar ESI-IM-MS characteristics, except for the absence of (C 2 H 5 ) 2 NH 2 þ adducts. Since PPF and PPM are biodegradable polymers, only degradation products may be available for analysis. It is therefore important to establish whether the polymer chain stereochemistry of the original material can be elucidated from degradation products. This issue was addressed by examining the IM-MS features of a prominent hydrolysate in the ESI mass spectra of PPF and PPM, viz. the oligomer at m/z 1093.3 (Figure 4 The singly charged 6-mers drift at 7.57 ms for PPF and 7.13 ms for PPM, whereas the doubly charged 13-mers drift at 3.98 ms for PPF and 4.78 ms for PPM. Again, significant differences between the PPF and PPM connectivities are observed in both charge states. Note that the singly charged PPF ions drift more slowly than the isomeric PPM ions (as seen before). In sharp contrast, the drift time order reverses for the dications, with the PPM frame now attaining a more extended architecture with a longer drift time than the corresponding PPF isomer; evidently, the PPF geometry is capable of minimizing charge repulsion without reverting to a fully extended architecture, presumably because of better intramolecular stabilization of the two charges through ion-dipole interactions.
Conclusions
This study demonstrated the utility of combining MALDI-MS, ESI-MS, MS 2 fragmentation and IM-MS for the complete structural characterization of biodegradable polyester isomers. The MS dimension Deduced from the corresponding drift times after calibration of the drift time scale with singly and doubly protonated polyalanine oligomers, which were analyzed at the same conditions as PPM and PPF. 45, 46 The calibration curve constructed for the drift time to conversion is ' ¼ 474.15(t d ') 0.5485 , where t d ' and ' are the corrected drift times and normalized collision cross-sections of the calibrant ions, respectively; the derivation of t d ' and ' values from the measured drift times of the calibrant ions and their published collision cross-sections has been explained in detailed elsewhere. 45, 46 unveiled compositional heterogeneity, the MS 2 dimension helped to establish copolymer connectivity and end groups and the IM dimension enabled the differentiation of all-cis from all-trans polymer chains. Mass analysis coupled with ion mobility separation is a promising technique for the analysis of such isomeric species. It is fast, requires little material and can reveal information about both the compositional as well as architectural microstructure of the sample being analyzed without the need of crystallinity or high purity (and large quantity) as it is true for other analytical techniques such as X-ray diffraction and nuclear magnetic resonance spectroscopy. Mass spectrometry-based analyses like the one described in this study should be particularly useful for the characterization of multicomponent biomaterials that are difficult to elucidate by methods probing average structures, or methods sensitive to harmless impurities or byproducts that do not need to be removed for the desired application.
